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Abstract 
To achieve sustainable development for power generation and avoid the pollution in 
the generation process, using renewable resources to generate power is becoming a 
common trend. The energy system analyzed in this project, solar Dish-Stirling system, 
is one of the most efficient energy systems in the world. This paper is aiming to find 
out the impact of the variability of solar radiation in the system’s power flow. The 
Dish-Stirling system consists of three main components: the concentrator, the receiver 
and the power conversion unit (PCU). PCU has three parts: the Stirling engine, the 
induction generator and the controlling systems. From the modelling results, of this 
thesis, the system output and solar-to-electric efficiency can be controlled by the 
working gas pressure. Therefore, the system can be simply controlled by the pressure 
control system.  
The variation of the solar irradiance was modeled and connected to system output 
after modeling the system and assuming the series of system variables as constant. By 
putting the system into a simple network, the relationship between the output power 
and the input radiation was revealed. Plot of the results of simulation were to help 
have a better understanding of the impact of solar variation on the system. To have a 
better understanding of the system efficiency level and its relation with the solar 
radiation, a comparison between the solar Dish-Stirling system and a PV module was 
made. The PV module was put into the proposed system also with all parameters 
constant. For further analysis of impact of the Dish-Stirling system in a larger network, 
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simulation with Dish-Stirling solar farm connected to a 12 bus network with variable 
radiation was performed. The impact on the PCC, loads and generators can be 
detected by varying the solar radiation from the lowest level (200 W/m
2
) to the 
highest level (1000 W/m
2
). 
From the results of the simulation, the output power of solar Dish-Stirling system is 
on an increasing trend with the increase of the solar radiation level. Compare the trend 
with the PV system, the Dish-Stirling system has higher solar to electric efficiency 
and the output is more stable. When analyzing the system in larger network, the 
simulation shows that generator voltage increases with the increase of the radiation. 
Nearer load to the Dish-Stirling solar farm has bigger effect due to the variation of the 
solar radiation. Therefore, more protection devices need to be provided to the nearby 
loads to ensure the safety of the network. To meet the load demand, the spinning 
reserve of the network should be large enough to handle the situation without the 
Dish-Stirling solar farm. In addition, voltage control devices are necessary for the 
load buses and PCC bus to keep the system voltage in a stable range. 
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Chapter 1.Introduction 
1.1 Introduction  
One of the most significant issues of the 21st century is energy. The reserve of the 
main energy source of the 20
th
 century, fossil fuels, is decreasing significantly. [1] 
Moreover, the pollution problems of using fossil fuels have been a challenge to 
conquer. Therefore, to avoid the pollution arising from power generation and achieve 
sustainable development, the trend of using more environmentally friendly power 
generation is becoming more common issue. Therefore, the penetration of wind and 
solar energy electricity generation has increased dramatically in the past decade. 
However, a series of problems with respect to the renewable system and grid 
connection have also arisen due to the variability of the renewable resources such as 
wind energy and solar radiation. The problems may cause serious issues to society 
and the grid and the safety of human body.  
One of the most attractive renewable energy sources, solar energy, is able to be used 
as a clear and feasible energy that can be used to generate electricity. As we know, 
earth has a closed spaceship system that is able to receive over 120 000 TW radiation 
from the sun. Such large amounts of energy can fulfill the power needs of people 
easily. [2] 
As an ultimate energy source, many types of solar technologies have been developed 
to generate electricity or heat as a clean and sustainable resource. The three main 
types of solar technologies are heating and cooling systems, photovoltaics systems 
and concentrating solar power systems. Heating and cooling systems absorb heat from 
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sunlight and use the thermal energy to supply air conditioning systems or hot water 
systems. Photovoltaics systems, also known as PV systems, are able to convert the 
solar energy into electricity directly; whereas concentrating solar power (CSP) 
systems have a quite different energy conversion method. It converts the solar energy 
to thermal energy to drive engines that together with induction generators generate 
electricity.[3]  
Due to the increasing utilization of renewable power generation, the stability and 
quality of the generated power can be quite significant to the grid to operate normally.  
Among all kinds of solar technologies, Dish-Stirling systems have proved to be the 
highest solar-to-electric conversion efficiency, which indicates that solar Dish-Stirling 
systems can become one of the least expensive generation systems that use renewable 
resources. Because of its high efficiency and modularity, it is also a long-term feasible 
system that is easy to planning and funding. It is quite an important to guarantee 
feasibility when exporting the system to a wide market.[4] The Dish-Stirling solar 
system is one example of a typical concentrating solar power system. After converting 
solar energy to thermal energy, the Stirling engine converts thermal energy to 
mechanical energy, then the induction generator uses the mechanical energy to 
generate electricity. The concentrator is made of parabolic mirror that is able to 
concentrate direct sunlight to the focal point of the dish. The receiver at the focal 
point can achieve a quite high temperature by absorbing the heat from the focused 
sunlight. Therefore, the receiver becomes a heat source for the Stirling engine. The 
Stirling engine is highly compatible with solar power generation due to its zero 
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emission and high efficiency. Finally the induction machines use the mechanical 
power to generator electricity. The whole process of generation has neither pollution 
nor emission, which suggests the system is an environmental friendly power system. 
However, due to the unpredictable input, weather as well as the climate impact, the 
direct solar irradiance of the location may not match the load demand with respect to 
the power flow. The output and system parameters can also be quite unstable. 
Therefore, study on the impact of variation of solar irradiance on system performance 
is quite significant for the system to operate normally and safely. [5] 
 
This report will developed and use previous work to set up models for the main 
components of the system, the concentrator, the receiver and Stirling engine. To get 
the relation of input and system power, assumptions of the system variables are made. 
The results are be used in a basic case as well as on a 12-bus system network to 
compare with other solar techniques and find out the impact on the network. Variables 
such as receiver temperature and working gas pressure (working gas mass) are 
assumed to operate within a certain range, the influence of the control system and 
cooling system (fans) are neglected. The simulation software used in the project is 
DIgSILENT PowerFactory, which is a useful technique tool of simulating electronic 
network. It has leading techniques in power system in terms of modelling, analysis 
and simulation over 2 decades. The performance of the network and each component 
can be addressed clearly.  
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1.2 Objectives 
This thesis report has following objectives: 
 Briefly introduce the basic structure and theory of solar Dish-Stirling system as 
well as its pros and cons. 
 Set up systems for the main components of the system. Mainly look at the 
relation of the output with the solar input. 
 Propose a basic network with one Dish-Stirling system and compare it with other 
solar panels in terms of output and losses. 
 Put the solar Dish-Stirling system into a 12-bus network to analyse the impact of 
input variation to a large network. 
 Discuss the results and make a conclusion based on the results of the simulations. 
Make some suggestions for future work at the conclusion of the project.  
 
1.3 Thesis outline 
This report is aiming to analyse the impact of input variables on the Dish-Stirling 
system output. The base system performance will be compared with other solar 
technologies in terms of output power and system efficiency. A proposed Dish-Stirling 
solar farm will be analysed in a 12-bus network and simulated in PowerFactory. 
Following Chapter 1, the second chapter reviews the literature and presents detailed 
background information about the Dish-Stirling system and its operating theory. The 
basic information about the software used in the thesis will also be briefly introduced, 
which is PowerFactory. Throughout Chapter 3, the basic parts of Dish-Stirling system 
are modeled and the system is compared with other solar technologies (PV module) in 
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terms of output power and losses. Then a 12-bus network with a Dish-Stirling solar 
farm will be simulated in PowerFactory. Chapter 4 represents a comparison of the 
results of the base case comparison and 12-bus system simulation. Chapter 5 analyses 
the results in Chapter 4 and gives an interpretation of the results. Discussion of the 
significance and limitations of the results are made using the data collected. Chapter 6 
concludes the impact of input variation for Dish-Stirling systems in terms of a single 
system and a solar farm. Then there is a discussion of the related future work that may 
be associated with the project and are given suggestions. Finally, the Appendix 
includes the data and results collects from PowerFactory as well as the 12 bus 
network parameters. The reference list includes the materials referenced in the project. 
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Chapter 2 Background and Literature Review 
2.1 Dish-Stirling solar system overview 
A Dish-Stirling system consists of a parabolic mirror dish which is able to concentrate 
sunlight onto the focus point of the concentrator. A receiver is located at the focus 
point that is capable of absorbing heat from sunlight. The system is designed to track 
the sun in both horizontal and vertical axes so that the concentrator always faces the 
sun directly and receives direct solar radiation. This tracking device also guarantees 
the focused sunlight coincides with the parabolic dish’s focus point to maximise the 
efficiency. The system provides quite high solar-to-electric efficiency compared with 
other solar technologies and has been developed over 30 years. The main components 
of the system are concentrator, receiver and power conversion unit.  
2.1.1 Concentrator 
The concentrator is made of a mirrored surface and is able to track the sun on both 
horizontal and vertical axes so that the direct insolation is concentrated on the focus 
point of the parabolic dish, which is the position of the receiver. A paraboloid shape is 
ideal for the dish because it is able to reflect the direct solar radiation on the 
concentrator to a quite small area at the focal point. The materials deposited on the 
dish’s front or back surface are usually made of reflective materials such as silver or 
aluminum. [5] The output of the system at the maximum solar insolation levels 
determines the size of the concentrator dish. The maximum insolation level is 
normally considered as 1000 W/m
2
 in most areas.[6]  
A 5.5 meter diameter dish is needed for a Dish-Stirling system that is rated at 5 kW; 
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7.5 meters diameter dish for a 10 kW system and 10 meters diameter dish for a 25 kW 
system. The “big Dish” of Australia has a 500 m2 aperture and 380 1.17 m identical 
spherical mirror panels. It is considered as the world’s largest concentrator. [7] One  
important requirement for the concentrator is that the solar insolation on the dish has 
to be the direct normal insolation from the sun so that the sunlight can be concentrated 
at the focal point of the concentrator, otherwise the concentrated sunlight may not 
focused at the receiver or achieve the highest concentrating efficiency. This indicates 
that the accuracy of the tracking system for the Dish-Stirling system is extremely 
significant. 
2.1.2 Receiver 
The receiver has two main functions of the whole system. It can absorb heat from the 
concentrated sunlight on the absorber. After that, it passes the heat absorbed to the 
Stirling engine to complete the next progress. The basic part of the receiver is the 
absorber, which is able to absorb the thermal energy from the concentrated sunlight 
and pass it to the Stirling engine. It acts as an interface between the Stirling engine 
and the concentrator. The aim is to achieve the highest energy transfer efficiency so 
that the heat loss can be minimised.[8] To achieve that, the temperature of the 
absorber needs be maintained at quite high levels, which is also the main task of 
controlling the PCU system.  
A cavity receiver is used in the dish-Stirling system. The concentrated sunlight enters 
through an aperture, which should be neither too small nor too large. The reason is 
that if the aperture is too small, the sunlight may not be fully received by the absorber; 
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however, if the aperture is too large, it may not be able to limit the losses, such as 
convection losses and reflection losses in the process. After the sunlight enters 
through the aperture, the sunlight is projected onto the absorber and transferred into 
thermal energy. Generally a receiver has two methods of heat transfer [7]: 
 Direct-illumination receivers  
The Stirling engine has heater tubes that can be adapted to absorb heat from the 
concentrated sunlight. High insolation level sunlight is able to be absorbed by this 
kind of receiver. Systems like Sundish, Suncatcher and EURODISH use this type of 
receivers. 
 Indirect receiver  
It is also known as heat-pipe or liquid-metal solar receivers. A liquid-metal 
intermediate heal-transfer fluid is used in this type of receiver. This method assures 
the temperature on the heater tubes is uniform. On the absorber surface, the liquid 
sodium is vaporized and then condensed on the heater tubes of the Stirling engine.  
 
2.1.3 Power conversion unit 
The power conversion unit (PCU) consists of three main parts- the Stirling engine, the 
generator as well as the controls. The Stirling engine, the main component of the 
whole system, transfer the heat absorbed by the receiver and converts it into 
mechanical energy. The working gas contained in the engine is normally hydrogen or 
helium, though sometimes air. The regenerator, cooler and heater are the heat 
exchanger volumes of the engine; whereas working space volumes are compression 
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and expansion spaces. After the receiver absorbs the heat from sunlight, the heat flows 
into the working gas and makes it flow in the working space. The heat in the heater is 
absorbed and expansion space is expanded. When the working gas passes from heater 
to cooler, the regenerator absorbs heat from it and restores the heat back to it when the 
gas passing from cooler to heater. Therefore, the efficiency can be improved 
dramatically with use of a regenerator.[9] During the operation, the volume of the 
spaces various significantly, so that the heat absorbed by the working gas is converted 
into mechanical energy, which is finally passed into the generator to generate 
electricity. In the generator, mostly the induction generator for the system, the energy 
is converted again from mechanical energy to electricity. 
 
2.1.3.1 Stirling engine 
As a type of reciprocating heat engine, the Stirling engine is often used in the field of 
distributed power generation. In the dish-Stirling system, it is used to convert the 
thermal energy absorbed by the receiver into mechanical energy. During the process, 
heat is transferred from the heat source through hot end cylinder walls to the working 
gas. The heat source in this case is the receiver of the dish-Stirling system. The 
absorbed thermal energy causes the expansion of the working gas, therefore the heat 
is converted into mechanical power by driving the piston in the working place. After 
that, the heat within the gas is absorbed through the cylinder walls when passing it to 
the cold end cylinder. Then the cycle repeats after the cool gas is transferred back to 
the engine’s hot end. In order to maximum the efficiency of the Stirling engine, a 
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regenerator is placed between the hot ends and the cold ends to store and release 
thermal energy temporarily. [10] 
2.1.3.2 Generator 
Generally the squirrel-cage induction machine is the most common generator used in 
dish-Stirling systems. This type of induction generator has 4 poles and rated at 480 V. 
[8] The voltage and frequency of the induction machine are hardly to be controlled, 
and it also has the advantage of low-cost, and rugged design. Normally the machine is 
working as a generator, however, when the shaft speed is below the grid frequency it 
starts to act as a motor. Moreover, the speed of the induction machine should be kept 
in a feasible range in case the speed become too high and damages the components of 
the engine, 
 
2.2 Literature Review 
During the period of 1980s-1990s, most solar dish-Stirling systems were rated from 5 
kW to 50 kW. Many countries such as Spain, Germany, Japan and the U.S. were 
developing demonstration systems. Currently, nine operational solar dish systems are 
operating in the world. For instance, Infinia Corp rated at 3 kW, Schlaigh–
Bergermann rated at 10 kW and Stirling Energy Systems or Wizard Power Pty partner 
up to 150 kW. [11] 
Four related large projects are in planning, three of which use dish-Stirling technology. 
They have capacityies of 750 MW and 850 MW and are located in California and 
Arizona, respectively. The third project with a 9–10 MW capacity will be installed in 
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India using Infinia Corp. Technology. [12] 
One system has already reached the commercial market, which is the Infinia 3 kW 
power dish; while Solar Stirling Energy Systems with their 25 kW Suncatcher are 
close to commercial. A brief introduction and information about the systems is 
provided below: [10] 
 Infinia PowerDish™.  
A free-piston engine is used in the system. The specification of the induction 
generator is: frequency of 50 /60 Hz and voltage of 240 V. The concentrator of the 
system has diameter of 4.7 meters. Infinia claimed that the capital cost of the whole 
system is $US26, 000 and very little maintenance is required over the 25 years 
lifetime. (The only maintenance requirement of the system is to clean the mirror once 
a month.) In order to prevent the system from dust accumulation, the system stops 
operating after sunset and park itself facing down. As a result, the mirror cleaning 
requirement can become much longer rather than once a month. For a defined period 
of time, it can also put the system itself into a low drag position when detecting the 
wind speed around the system is over a certain threshold value. 
 SES Suncatcher™  
The system is rated at 25 kW with a four cylinder Kockums 4-95 kinematic Stirling 
engine. The concentrator dish has 10 meters’ diameter along with 40 mirror facets and 
2 discrete types. They are arranged radially and covering a 91 m
2
 area. On a boom at 
the concentrator’s focal point, the Stirling engine, power conversion unit, cooling 
systems, control system and receiver are mounted. Control system and a 
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microprocessor driven monitor are doing the system control. Without on ground 
intervention, system problems and error messages are able to be addressed remotely. 
According to several studies, the capital cost of the system is estimated about $US 
250, 000. Although orders have not been taken from the general public, power utilities 
have placed orders for tens of thousands of units in California and Texas.  
 
2.3 PowerFactory 
PowerFactory is a useful technique tool that is able to be used for applications in 
transmission generation, industrial and distribution systems. It is used in the project to 
simulate the electricity network in different conditions. The variable used is the 
various solar radiation of the dish-Stirling system. It can also be used to analyse the 
power flow performance of large power systems or even with new technologies. In 
this project, the induction generator has an existing model in PowerFactory which can 
save lots of time of modelling the components. The results of the simulations are 
included in the Appendix. 
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Chapter 3 Methods & Simulation 
3.1 Modeling of solar Dish-Stirling system 
3.1.1 Concentrator 
The first process of the system’ energy conversion is that the concentrator of the 
Dish-Stirling system reflects the direct solar insolation to the focal point of the dish. 
Because the sunlight reflected is direct insolation, the total input of the system is 
equal to the energy received by the paraboloid dish. Therefore, if 𝑰  (W/m2) 
represents the insolation on the dish and A (m
2
) represents the area of the dish, then 
the system input power is: 
                                                Pinput = 𝐴 × 𝐼                                                   (1) 
To simplify the calculation, assuming the dish is pure circular. Then the area of the 
concentrator dish A (m
2
) can be written as: 
                                               A = π × (
d𝑐𝑜𝑛
2
)
2
                                                 (2)  
Where dcon is the diameter of the concentrator dish (m); 
Hence, the input power can be represented by the dish diameter as: 
                                       Pinput = π × (
d𝑐𝑜𝑛
2
)
2
× 𝐼                                          (3) 
The focal point of the dish is also the position of the receiver, so the energy can be 
delivered from concentrator to the receiver. However, some of the solar energy is lost 
in the process of concentrating. Silver is commonly used as the material of the dish 
mirror. The reflecting efficiency of silver mirror is around 91% to 95%. [13] If the 
reflecting efficiency is taken into consideration, the energy conversion of the 
concentrator can be modeled by: 
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                                  Pcon = π × (
dcon
2
)
2
× I × ηcon                                    (4) 
Where  ηcon is the dish mirror’s reflecting efficiency. 
 
3.1.2 Receiver 
The concentrated sunlight is projected through the aperture of the receiver and then 
thermal energy is absorbed by the absorber. During the energy converting process, 
reflection of sunlight in the receiver and heat losses on the absorber makes the 
absorbed energy is not as much as the energy delivered by the concentrator. Assume 
PL represents the power dissipated in the process, Ta is used to represent the 
atmosphere temperature. Then,  
                               PL = K1 × (Tob − Ta)                                    (5) 
Where K1 is a constant that is associated with the material of the receiver, it can be 
written as the equation below[14]: 
                                      K1 = ℎ × 𝐴
′                                                (6) 
Where A’ is a constant that is related to the material of the receiver;  
h is the coefficient of overall loss. 
A temperature variation of the absorber is caused by the imbalance between the input 
and output power of the receiver. In addition, the absorber is required be maintained at 
an extremely high temperature to gain higher efficiency, therefore the temperature 
difference between the absorber and atmosphere is quite significant. If Tob is the 
absorber temperature [8],  
                        K2 ×
dTob
dt
= PI − PL − Pob                                      (7) 
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Where PI is the input power to the receiver, Pob is the heat absorbed by the receiver. 
K2 is a constant depended by the absorber material [14]: 
                                            K2 = ρ𝑐𝑉                                                   (8) 
Where ρ is the density of the absorber material; 
c is Specific heat capacity of the absorber material; 
V is volume of the absorber. 
Combine (5) and (7), the power conversion of the receiver can be modeled by: 
   Pob = PI − PL − k2 ×
dTob
dt
= PI − K1 × (Tob − Ta) − K2 ×
dTob
dt
                 (9) 
In this equation, the receiver’s input power PI is also the concentrator output power 
Pcon. Therefore combining (4) and (9), a concentrator-receiver combined model can be 
expressed as: 
       Pob = π × (
dcon
2
)
2
× I × ηcon − K1 × (Tob − Ta) − K2 ×
dTob
dt
               (10) 
. 
3.1.3 Stirling engine 
The Stirling engine uses the thermal energy passed by the receiver to cause the 
expansion and compression of the working gas within the engine’s working place. 
The piston-crankshaft is driven to generate mechanical power. The Stirling engine 
technology has quite a long history of development across the world. Many studies on 
the Stirling engine have been carried out in the past 20 years. The equations below are 
a good way to model the Stirling engine and were developed by Howard and Harley 
in 2010 [8]: 
                                                 Pmech  =  p(DVc  +  DVe )                                       (11) 
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                                                      τ = p (
dVc
d∅
+
dVe
d∅
 )                                             (12) 
                                                τ =  JDω +  Fω + τelec                                         (13) 
 
Equation (11) expresses the mechanical power output of the Stirling engine. Ve and Vc 
are the volumes of the engine working space, p is the working gas pressure. Equation 
(12) shows the developed torque, where φ represents the crank angle (rad). The 
rotational equation of the Stirling engine shaft motion is shown as equation (13) 
above. 
 
3.2 Simulation design 
 
3.2.1 Base case condition  
By using the models described and developed earlier in this chapter, the system 
variables are held constant except the solar irradiation, I, on the concentrator. The 
solar Dish-Stirling system is placed into a simple network shown in Figure 1 below. 
The rated power of the dish-Stirling used in the proposed network is 25 kW at 
maximum radiation condition (1000W/m
2
); Due to the characteristic of the system 
induction generator mentioned in Chapter 2, the system voltage is considered as a 
constant of 480V during the operation. The rated voltage of the transmission line is 
assumed to be 22 kV with line impendence of (0.01+j0.05) p.u. Therefore, the turns 
ratio of the transformer between system and transmission line is 480V/22 kV with 
impendence of j0.05 p.u. the network is simulated in PowerFactory and the Grid bus 
is considered as an infinite bus in the simulation.   
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Figure 1: Base system diagram 
The simulation is repeated for different solar radiation levels on the system 
concentrator. Because the radiation level normally lies within the range of 200 W/m
2 
to 1000 W/m
2
 in most of the world’s areas [15], the irradiance level in the simulation 
is varied from 200 W/m
2 
to 1000 W/m
2
 in steps of 100 W/m
2
. The result of the 
system’s real power will be plotted against the different solar radiation levels. 
3.2.2 Comparison with PV systems 
The Dish-Stirling system has higher solar-to-electric conversion efficiency compared 
with other solar technologies especially at high operating temperatures. However, the 
variation of the solar irradiance on the PV panels has a different impact on the system 
output power. In order to compare the PV system with the solar Dish-Stirling system, 
use the data researching in [16] is used to simulate in the same network proposed 
above with the same impendence of transmission line and transformer. After get the 
results of output power, calculate the overall efficiency of the PV system and compare 
it with solar Dish-Stirling system. The results will be compared and shown in the next 
chapter. 
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3.2.3 12-bus network-network  
 
Figure 2: 12 bus system network 
This 12 bus network is given in [17] and analyzed in [9]. The network has four 
generators: G1, G2, G3 and G4 as shown in the diagram above. G1 is considered as 
the slack bus of the network, whereas G2, G3 and G4 are generators rated at 500 MW, 
200 MW and 300 MW, respectively. 5 loads are included in the network and 3 of them 
are in parallel with a shunt capacitor bank. Except for transmission line 7-8, all the 
voltage level of the transmission lines are at 230 kV. Only transmission line 7-8 is 
rated at the voltage level of 345 kV. Including the infinite bus G1, all the generator 
buses are at the voltage level of 22 kV, which indicates that all the transformers 
between the generator buses and transmission line have the turns ratio of 22 kV/ 
230kV; while the transformers between the high voltage transmission line and the 
normal voltage transmission line have turns ratio of 345 kV/230 kV. The types of the 
two voltage level lines are different in terms of line impedance and line ratings. More 
details of the network are included in the Appendix. 
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Generator G3 is assumed as a solar Dish-Stirling system with an overall capacity of 
200 MW. It is modeled as structure of the base case system proposed above, which 
consists of a 200 MW Dish-Stirling solar farm, a 480V/22 kV transformer and 
(0.01+j0.05) p.u. transmission line. Bus 3 is considered as the point of common 
coupling (PCC) of the Dish-Stirling system. The diagram is shown below: 
 
Figure 3: G3 diagram 
Variation of solar radiation impact 
Under different radiation level, the system performs differently. However, the system 
is connected with a complex network, the impact to each component and all the buses 
may be different from the base case condition proposed earlier in this chapter. As a 
result, a study and comparison of the performance of the system at different radiation 
levels becomes quite necessary. All the simulation will be carried out in PowerFactory 
and the results will by plotted as a function of solar radiation levels. 
3.2.3.1 Impact on PCC 
The electric cables of the solar Dish-Stirling system duct to a common point before 
being connected into the grid. The performance of the PCC bus is quite significant to 
the feasibility of the solar plant. The results of the PCC bus voltage level can be 
affected by the variation in solar radiation. The result will be plotted as a function of 
radiation levels in the next chapter.   
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3.2.3.2 Impact on other generators buses 
In the reality, solar radiation can not be predicted and it always varies with time of 
day and different weather conditions. The performance of other generators in the same 
network becomes an important issue to the whole network. By analyzing the impact 
of the varying input of the solar farm, the potential danger and losses can be predicted 
and avoided. The results of the generator buses are also plotted versus radiation level 
to determine the impact.   
3.2.3.3 Impact on load buses 
To deliver power to the loads in a network is one of the most significant function of 
the electrical grid as well as power generation. The load demand needs to be satisfied 
under various conditions. For a network with renewable generation plant, the impact 
of the natural resources variation can be serious with regard to the quantity and 
quality of the delivered power. In this project, the parameters of the load buses will be 
analyzed under different radiation levels. 
3.2.3.4 Solar farm out of service 
The solar farm may suddenly break down due to the weather conditions and be 
removed from the network. In such conditions, analysis of the network performance is 
important. The results of simulation will be compared with the results under normal 
operation, when the Dish-Stirling farm operates at maximum solar radiation level 
(1000 W/m
2
). Discussion of the results will be included in Chapter 5. 
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Chapter 4 Results 
4.1 Base case condition 
As described in Chapter 3, the main purpose of simulating the base case system in 
PowerFactory is to find out the relationship between the input solar radiation and 
output power. The simulation data is put into the Appendix, the results shows the 
relationship of the desired parameters in Figure 4 plotted below: 
 
Figure 4: Base case power versus solar radiation 
 
The solar radiation levels are set from 200W/m
2
 to 1000 W/m
2
 as mentioned in the 
last chapter. The plot shows the real power of the Dish-Stirling system in on an 
increasing trend when the solar radiation level become higher. It can be seen from the 
diagram that the whole process has no sharp changes, which indicates that the input 
radiation variation influences the results of the output power generally and continually. 
Because the maximum simulated solar radiation level is actually the real largest solar 
29 
 
radiation in most areas, the maximum output from the simulation can be considered to 
be quite close to the output power with the highest conversion efficiency. 
4.2 Comparison with the photovoltaic system 
After simulating the Dish-Stirling system in the proposed base case, a photovoltaic 
system: monocrystalline silicon solar panel NU-U240F2 is used in the same system 
with the same line and transformer impedance. The output power of the module is 
rated at 240 W. The relation between the output and the input radiation for this kind of 
PV solar panel is shown below: 
 
Figure 5: PV system power versus solar radiation 
The diagram clearly shows that the monocrystalline silicon solar panel also has larger 
output power when the solar insolation is increased. Compare Figure 5 with Figure 4, 
it is not hard to find that the increasing rate of the output power for this system is 
bigger than the previous one. However, if we use the solar radiation times the 
modules’ area to calculate the solar input power, the solar- to- electric efficiency of 
both types of solar technology can be addressed. The plots are compared in the   
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graph below: 
 
Figure 6: Efficiency comparison 
From the graph, the difference between the two technologies is quite obvious. Despite 
the fact that the PV system output is more sensitive to the variation of the solar 
insolation, the Dish-Stirling system still has a much higher efficiency than the other 
one. In addition, the efficiency of the Dish-Stirling system is more sensitive to the 
various inputs than the value of the output power. It can be clearly seen from the 
graph that the efficiency of the Dish-Stirling system has an increasing trend with the 
rise of the radiation levels; whereas the PV system has a quite stable efficiency even 
with a large solar radiation variation. The proposed PV system is assumed to operate 
with a module temperature of 25 degrees, which is the temperature that makes most 
PV panels reach the highest efficiency, whereas the Dish-Stiling system hasn’t 
reached its highest efficiency operating temperature. Hence, the pros and cons of each 
system are quite clear from the results in terms of the power generation and energy 
convection efficiency. 
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4.3 12 bus network 
The detail of the 12 bus network components and parameters are in [17]. The 
simulation is carried out as proposed in Chapter 3, the variation of the proposed solar 
Dish-Stirling system turns out to have impact on most of the network components. 
The results of the simulation are shown as below. 
4.3.1 Impact on PCC 
The point of common coupling for this Dish-Stirling solar farm is located at bus 3. 
The Dish-Stirling system is represented by G3 in the network. Because of the change 
of G3’s solar radiation, the voltage and the power flow through PCC changes 
dramatically and rapidly. The plot of the PCC voltage and its power comes through 
are shown as a function of solar radiation levels in Figure 7 and 8. 
 
Figure 7: PCC power versus solar radiation 
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Figure 8: PCC voltage versus solar radiation 
 
The influence on PCC is quite significant for both voltage and power. When the 
system is operating at high solar radiation levels, the generator G3 is able to generate 
more power than it can generate at low radiation levels. More power is generated, 
which means less current needs to flow into the PCC. This also leads to the smaller 
voltage drop on the transmission line, which makes the shunt capacitor release more 
reactive power than needed. Therefore the voltage on the PCC bus increases as the 
solar radiation become higher. If the radiation decreases, the line voltage drop will be 
larger, which can lead to less reactive power supplied by the shunt capacitor. 
Therefore the voltage on the bus decreases as well. The change of the PCC bus shows 
that a controlling device is necessary for such networks, since the induction generator 
of the Dish-Stirling system is lacking in voltage control. A sudden weather change 
may thus lead to a series of consequences, not only on the PCC bus but also 
continuously affecting the rest of the network components.      
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4.3.2 Impact on other generators 
Since generator G1 is assumed to be the infinite bus of the network, the study of the 
input variation impact on the generators is mainly focused on the other two generators, 
G2 and G4. G2 is located at bus 10 and rated at 500MW, which has the largest 
proportion of generation in the network. G4 is rated at 300 MW and is connected to 
bus 12. The results of the two generators are plotted in one graph below: 
                                                                                               
 
Figure 9: Generator voltage versus solar radiation 
As it can be seen from the graph, the impact on the generators is not as much as it is 
on the PCC bus. The main trend is still increasing when radiation levels become 
higher. This is similar to the reason of the PCC impact. When the radiation increases, 
the Dish-Stirling system G3 generate more and more power to the network. This 
increase of power reduces the burden of other two generators, therefore less current is 
drawn for them and then its voltage increases. Unlike the buses, the generator is able 
to adjust to changes in the network and make changes to meet the demand from the 
load. However, the variation of the solar insolation can still have some impact on the 
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generators and influences the generator voltage, which can also cause the variation of 
the reactive power and put the network into danger. In addition, if the two generators 
are compared with each other, it not hard to see that the voltage of G2 varies less than 
G4 varies. This might be because two capacitor banks are between G2 and G3, while 
only one shunt capacitor is between G4 and G3. More capacitors prevent the huge 
drop or sudden increase of voltage on the bus. Furthermore, the capacity of G2 is 
much larger than G4, which indicates that the generation system with larger capability 
is more stable than the system with smaller capacity.  
4.3.3 Impact on network load 
The network has 5 loads, which are separated on 5 different buses, which are bus 2, 
bus 3, bus 4, bus 5 and bus 6. The impedance of the loads is different and 3 of them 
are connected in parallel with a shunt capacitor bank. Figure 10 and Figure 11 
demonstrate the variation of the loads’ voltage and power during the simulation. 
 
Figure 10: Load voltage versus solar radiation 
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Figure 11: Load power versus solar radiation 
 
 
The first graph above shows how the load voltages changes when the solar radiation is 
increased. Generally the voltages increase a lot after the radiation was increased. 
However, Bus 2 is quite unique compared with the other four. The voltage just 
changes a little rather than the significant variation of the rest of the loads. This might 
because bus 2 is the most remote bus with a load. The impact is divided between the 
nearest loads, which makes the load at bus 2 in a rather safe area. However, even if 
one of the loads is not be affected significantly, the other four loads’ variation can still 
cause serious issues to the whole network. In contrast, the power of the loads is quite 
stable. This suggests that the demand of the loads can still be met even without the 
solar system. The voltage needs to be controlled when the solar dish system is 
connected with the network under condition of low radiation. 
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4.3.4 Dish-stirling system out of order 
This happens when the weather has a sudden change or the system needs some time to 
perform maintenance. The generator G3 is switched off during this simulation. The 
results are compared with the rated normal operating condition to see if this situation 
brings a huge impact on the network. The comparison is made using the results of this 
simulation and simulation under 1000 W/m
2
 solar irradiation. The main comparison 
are made between normal operation condition and Dish-stirling system switching off 
condition interms of voltage variation and power variation. The first two comparison 
are voltage comparison of system loads and generators.   
 
Figure 12: Load voltage comparison 
  
From the graph, load voltage drops dramatically when the system is out of order. 
Compared with other loads, the load on bus 3 and bus 4 are affected significantly. The 
voltage of the load on bus 3 drops from 0.84 p.u. to 0.74 p.u. whereas the voltage on 
bus 4 decreases from 0.19 p.u. to 0.69 p.u. as analysed above, the most remote loads 
receive less losses. An overall load voltage drop like this may cause a suddenn 
0.6
0.65
0.7
0.75
0.8
0.85
0.9
bus 2 bus 3 bus 4 bus 5 bus 6
vo
lt
ag
e
/p
u
 
bus number 
load voltage comparison 
normal operation
switch off
37 
 
increase of current in some area and damage components. 
 
Figure 13: Generator voltage comparison 
 
For generators, Figure 13 shows that the generator G2 can adapt to this sudden change 
quite well; on the contrary, G4 is not able to adjust to this unexpected situation. 
Therefore a voltage controller is necessary for G4 in case G3 is out of order. 
 
Figure 14: Load power comparison 
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the Dish-Stirling system is out of order. The total load power of the network is 
971MW in this scenario whereas the capacity of the generators (without G1) is 1000 
MW. However, the change of the load is not big enough to break the network down. 
Because of the existence of other generators, the network has quite good spinning 
reserve that is able to allow the network continue to operate even if G3 is switched off. 
However, the voltage drop of the loads and variation on G4 is still dangerous; this 
situation may cause damage to the network.   
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Chapter 5 Discussion 
5.1 Significance & Interpretation 
5.1.1 Base case 
The results from the simulation and calculation in Chapter 4 prove that the variability 
of solar resource does have an impact on the power system in terms of power flow 
and it also has an impact on the network when the solar Dish-Stirling system is 
connected into the network. The simulation of the base case features a single 
Dish-Stirling system connected to the grid (infinite bus) through a transformer and a 
length of transmission line. The results prove that the higher the solar radiation level 
is, the more power Dish-Stirling system will generate. This basic relationship is able 
to help in analysing and developing the solar Dish-Stirling system.  
5.1.2 Comparison with PV 
The comparison with other solar technologies is also quite significant. More and more 
renewable energy conversion technologies have been developed in the recent years, a 
more efficient and feasible technology is needed to make the utilization of the energy 
more sustainable and reasonable. By comparing the Dish-Stirling system with 
photovoltaic system, the advantages and disadvantages of each system can be detected 
easily so that both systems can be improved. The advantage of the PV system is that 
the structure of the system is rather simple and the energy conversion process is easier 
to control. From the simulation results compared with Dish-Stirling system, the output 
power is more sensitive to the change of the radiation. However, the PV system has 
quite a challenge with regard to its module temperature. The rise of panel temperature 
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can decrease the system efficiency, which indicates that for PV systems, the higher the 
module temperature is, the lower the efficiency is. On the contrary, the Dish-Stirling 
system has an increasing efficiency with the rise of the receiver temperature. In fact, 
for all solar technologies, being exposed under sunlight always increases the system 
temperature and reduces the efficiency, which is a problem that needs to be conquered. 
However, for Dish-Stirling system, temperature can become a huge advantage. As 
long as the temperature is under the melt temperature of the material of the receiver, 
the system is able to operate normally and efficiently. In addition, the Dish-Stirling 
solar generation system has much higher efficiency than the other solar technologies, 
which makes it one of the most efficient solar systems that has been developed.  
5.1.3 12 bus network 
The base case system simulation and comparison with PV systems are all simulated 
within the proposed simple system and the operating system is actually only one unit. 
This is a good way to study the relationships and find out the advantages and 
disadvantages in order to make improvement. However, the real condition of 
connecting to grid may be more complex and unpredictable. After connection with the 
grid, the variable solar radiation may not just have the impact on its own output power, 
but also other components such like the loads, the transmission lines as well as other 
generation plants. Therefore, the simulation of the proposed 12 bus network is 
meaningful and helpful in terms of studying the impact of the variable solar input. If 
the variation of the solar resource has a huge impact to the network, the concerned 
devices or solution needs to be considered before actually put into use.  
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5.1.3.1 Impact on the PCC 
The result of simulation suggests that the variation of the solar radiation can have 
quite a significant impact on the PCC bus. Both voltage and real power through the 
point increase with the rise of solar radiation level. This impact to the PCC is caused 
because more current is drawn into the PCC which indirectly reduces the voltage of 
the bus. This can be fixed by connecting an extra shunt capacitor at low radiation 
levels. The main impact of the unstable energy input of the Dish-Stirling solar plant to 
the PCC is that both power flow and voltage need to be fixed and controlled.  
5.1.3.2 Impact on load   
The demand of the loads of the network needs to be satisfied in any situations. 
Therefore, the performance of the loads is worthy of analysing when the solar 
radiation of the solar farm is unstable. The results of the simulation indicate that the 
distance between the load and the Dish-Stirling system can become an important 
factor. The closer the load is to the system, the more the load is affected. Therefore 
this finding is quite important when actually connecting a solar Dish-Stirling farm to a 
network, in that the nearby load should be protected and controlled more carefully. In 
addition, the loads always have an increasing trend when the radiation level rises, 
whereas the load power is quite stable at all radiation levels. For this network, the 
large capacity of the generators and shunt capacitors ensure the stability of the loads. 
This indicates that a network with a Dish-Stirling system should be designed to have 
enough spinning reserve so that the load can be still supplied on bad weather days or 
seasons. 
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5.1.3.3 Impact on generator. 
Two other generators G2 and G4 are analysed when the radiation changes. 
Clearly there is difference between the two generators in terms of the radiation 
variation impact. The generator with larger capacity has less impact than the other 
one. Both generators’ voltages are affected but not affected too deeply. This 
means that the generators, especially G2, is able to adjust and adapt to the sudden 
change of the G3 generation in terms of power flow. As a result, the generator 
should be designed with a suitable capacity and a controlling device needs to be 
included in the network. 
5.1.3.4 System out of order 
To find out the network performance under bad weather or during maintenance times, 
G3 is switched off at this time and the network is simulated without G3. The results 
show a similar conclusion. The loads have changes especially on the voltage level. 
Generator G2 is able to adapt to the change better than G4. A similar suggestion can 
be made to increase the capacity of the generator and increasing spinning reserve. 
Increasing the shunt capacitor bank or other voltage controlling devices will maintain 
the loads voltage levels. 
5.2 Results limitations 
The modeling of the system components is not accurate enough because a number of 
estimations have been made during the process. In addition, the model developed and 
used in this project can not represent all types of Dish-Stirling system, because the 
component may be different from the types of components other people or 
organizations actually use and develop. 
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The limitation of the results of the 12 bus network simulation is that the load in the 
real network is not constant all the time. It may vary throughout the day and can be 
suddenly increased or reduced. Therefore the simulations of the proposed systems are 
still not realistic enough. To generate more accurate results, the load needs to be 
considered as variable and simulated by a range of different values.  
5.3 Achieved aims 
 How output varies with solar resource 
The aim of the project was to develop the system model and try to find how the 
system is affected in terms of power flow with variable solar radiation. Using the 
model developed and simulated in PowerFactory, the relationship between the 
output power and solar radiation has been carried out. 
 Comparison with other solar technology 
A monocrystalline silicon solar module is compared with respect to the 
dish-Stirling system output power and efficiency. The result is as expected that 
solar dish-Stirling system has much higher solar to electric efficiency than the 
efficiency achieved by other solar technologies. 
 The impact to larger system components 
In order to make the simulation closer to real life, a 12 bus network [17] is used. 
The dish-Stirling system is proposed as a solar farm. The network is simulated 
under different solar radiation levels. In addition, the impact of solar radiation on 
the network’s components such as generator, load and PCC is analyzed. The 
simulation result shows that the load closest to the solar farm has largest impact 
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with regards to the power flow. The generator has smaller influence than the load 
buses and PCC bus in different solar radiation levels. The spinning reserve of the 
whole system is large enough to supply the loads without the solar Dish-Stirling 
farm. 
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Chapter 6 Conclusion 
6.1 Conclusion 
Because of the increasing utilization of renewable energy, especially solar energy in 
the past few decades, various kinds of solar technologies have been developed, such 
as photovoltaic systems, solar heating systems and solar dish-Stirling systems. Among 
all the three types, the dish-Stirling system has the highest energy convection 
efficiency and has already been used as a feasible method of power generation and put 
into use. However, as a natural renewable resource, the variability of the solar 
radiation is not able to be fully predicted and controlled. Therefore, a study concerned 
with the impact of the variation of the solar input on the system power flow is carried 
out and studied.      
To address the purpose, the modeling of each system components is required. The 
components are the concentrator, the receiver, and the Stirling engine. The system is 
simulated in PowerFactory. It is first modeled as a proposed base system with a 
transformer and a transmission line with a certain line impedance. The conclusion of 
the finding is that the output power of the dish-Stirling system is on an increasing 
trend when the solar radiation level rises. The comparison with a PV module shows 
the dish-Sirling system a feasible and efficient solar system.  
6.2 Simulation & Recommendation  
A network with 12 buses, 4 generators, 5 loads and 4 shunt capacitor bank is 
simulated to detect the impact of solar radiation on the network components. The PCC 
bus (Bus 3) is considered as a network part that is deeply affected by the dish-Stirling 
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system, which is assumed as a solar farm next to PCC. The loads are easily affected in 
terms of voltage levels. Generator voltages also increases as the radiation level 
become higher. Overall, the network with a dish-Stirling solar plant needs to provide 
more protection to nearby loads. The generation plant should prefer generators with 
larger capacity. If the spinning reserve is large enough, the load can be continuously 
supplied even without the dish-Stirling system. To minimize the impact of the 
variation of solar radiation, voltage controlling devices are needed to both load and 
PCC bus.    
 
6.3 Future work 
This report develops models for concentrator, receiver and Stirling engine of the 
dish-Stirling system. The proposed system in the base case and its comparison reveals 
a simple way to simulate the system with one unit and analyse the performance of the 
single system; whereas the dish-Stirling solar farm connected to a 12 bus network 
shows a method of analysing the impact of the solar resource’s variation on the 
network components. However, the loads are variable in real life and more controlling 
devices should be included in the network. Future work may involve generalising the 
modeling method rather than using the old models. In addition, simulation should be 
more realistic and feasible. Controlling devices for dish-Stirling system can also be 
put into the network to minimize the radiation variation impact. Future work can 
working on the controlling and storage of the solar energy to make dish-Stirling 
system more feasible in the network. 
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Appendix 
Table 1 presents the data from PowerFactory that shows the input and output power of the 
Dish-Stirling system and its solar-to-electric efficiency in different solar radiation levels:   
 
Table 1: Base case simulation data 
 
Table 2 shows the comparison data of PV system in terms of input and output power as well as its 
efficiency in different solar radiation levels. 
 
Table 2: PV comparison data 
 
Table 3 shows the PCC bus voltage and the power flow through the bus in different solar 
radiation levels. 
 
Table 3: 12 bus network-PCC data 
 
 
 
 
I(W/m2) P/kW P/pu input/kw efficiency
200 2 0.08 15.70796 0.127323957
300 4.75 0.19 23.56194 0.201596265
400 7 0.28 31.41593 0.222816924
500 10 0.4 39.26991 0.254647913
600 12.75 0.51 47.12389 0.270563408
700 15 0.6 54.97787 0.27283705
800 17 0.68 62.83185 0.270563408
900 20 0.8 70.68583 0.282942126
1000 23.25 0.93 78.53982 0.296028199
I(W/m2) p/w p/pu efficiency
200 39.5 0.164583 0.121195385
400 86.8 0.361667 0.133161512
600 136.6 0.569167 0.139707086
800 187.9 0.782917 0.144130461
1000 240.4 1.001667 0.147520864
I(W/m2) U/kV U/pu power/MW
200 174.8 0.76 176.2
300 177.1 0.77 178.3
400 179.4 0.78 180.1
500 181.7 0.79 181
600 184 0.8 185.2
700 186.3 0.81 187.1
800 188.6 0.82 188.9
900 190.9 0.83 190.4
1000 193.2 0.84 192.2
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Table 4 presents the voltage on each generator bus (in both kV and per unit) in different solar 
radiation levels.  
 
Table 4: 12 bus network-generator 
 
Table 5 demonstrates the voltage and power of each load bus in different solar radiation levels. 
(The voltage is in per unit and the power is in MW.) 
 
Table 5: 12 bus network-load 
 
Table 6 shows the voltage and power values of generators and loads when the solar farm is 
switching off the grid. 
 
 
 Table 6: Dish-Stirling system out of order 
 
G1 G2 G4 G1 G2 G4
200 22.9 18.6 16.4 1.04 0.845455 0.745455
300 22.9 18.64 16.46 1.04 0.847273 0.748182
400 22.9 18.7 16.7 1.04 0.85 0.759091
500 22.9 18.75 16.78 1.04 0.852273 0.762727
600 22.9 18.8 16.9 1.04 0.854545 0.768182
700 22.9 18.9 17 1.04 0.859091 0.772727
800 22.9 18.95 17.1 1.04 0.861364 0.777273
900 22.9 19 17.2 1.04 0.863636 0.781818
1000 22.9 19 17.3 1.04 0.863636 0.786364
I
voltage/kV voltage/pu
bus 2 bus 3 bus 4 bus 5 bus 6 bus 2 bus 3 bus 4 bus 5 bus 6
200 0.85 0.74 0.73 0.75 0.74 199.3 185.4 166.2 56.5 239.8
300 0.85 0.77 0.74 0.76 0.75 200.6 187.7 169.3 57.3 244.9
400 0.85 0.779 0.75 0.77 0.76 201.6 192.5 175.4 58.6 249.8
500 0.85 0.79 0.76 0.775 0.766 202.8 198.1 178.8 59.9 252.8
600 0.85 0.796 0.77 0.79 0.77 204.8 207.5 187.3 62.2 259.7
700 0.86 0.81 0.775 0.8 0.774 205.8 211.8 191.2 63.6 262.9
800 0.86 0.82 0.78 0.8 0.78 206.7 215.9 194.9 64.4 265.8
900 0.86 0.83 0.784 0.8 0.785 207.5 220.5 198.7 65.2 269.2
1000 0.86 0.84 0.79 0.81 0.79 208.4 223.4 201.6 66.3 271.3
I
load voltage/pu load  power/MW
max off max off
bus 2 0.86 0.84 208.4 198.2
bus 3 0.84 0.74 223.4 176.1
bus 4 0.79 0.7 201.6 161.9
bus 5 0.81 0.74 66.3 54.6
bus 6 0.79 0.73 271.3 236
G2 19 18.5
G4 17.3 16.1
voltage power
